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Type IV pili (Tfp), which mediate multiple phenotypes ranging from adhesion to motility, are one of the most
widespread virulence factors in bacteria. However, the molecular mechanisms of Tfp biogenesis and associated
functions remain poorly understood. One of the underlying reasons is that the roles played by the numerous
genes involved in Tfp biology are unclear because corresponding mutants have been studied on a case-by-case
basis, in different species, and using different assays, often generating heterogeneous results. Therefore, we
have recently started a systematic functional analysis of the genes involved in Tfp biology in a well-charac-
terized clinical isolate of the human pathogen Neisseria meningitidis. After previously studying 16 genes involved
in Tfp biogenesis, here we report the characterization of 7 genes that are dispensable for piliation and
potentially involved in Tfp biology. Using a battery of assays, we assessed piliation and each of the Tfp-linked
functions in single mutants, double mutants in which filament retraction is abolished by a concurrent mutation
in pilT, and strains overexpressing the corresponding proteins. This showed that each of the seven genes
actually fine-tunes a Tfp-linked function(s), which brings us one step closer to a global view of Tfp biology in
the meningococcus.

Pili, also known as fimbriae, are hair-like filaments extending
from the surface of many bacteria. No other pili are present in
as many species as type IV pili (Tfp) (20, 32). These flexible,
thin (5- to 8-nm), long (several-micrometer) filaments, which
often interact laterally to form bundles, share sequence and
structural characteristics. They are essentially polymers of one
protein, generically named pilin, that is synthesized as a pre-
cursor with a conserved N-terminal leader peptide cleaved by
a dedicated prepilin peptidase. Although the lengths of the
leader peptide and mature protein define two distinct pilus
subtypes named type IVa (Tfpa) and type IVb (Tfpb), pilins
have similar three-dimensional (3D) structures (9). They con-
sist of a long hydrophobic N-terminal �-helix and a globular
head with a conserved �/� roll fold (29). Consequently, all
atomic models for Tfp have in common a helical organization
in which the N-terminal �-helices represent the major assem-
bly interface between pilin subunits and are buried within the
interior of the filament (9). Surprisingly, in spite of this rather
simple composition and structure, Tfp can mediate numerous
functions. In addition to their role in promoting attachment to
a variety of surfaces (a property that they share with other pili),

Tfp often mediate bacterial aggregation, uptake of DNA dur-
ing transformation, and twitching motility (20, 32). This func-
tional versatility is probably a consequence of the capacity of
Tfp to be retracted, which generates remarkable mechanical
force (19).

Tfp have been and continue to be intensively studied, mostly
in Pseudomonas aeruginosa, Neisseria gonorrhoeae, and Neisse-
ria meningitidis for Tfpa and in enteropathogenic Escherichia
coli and Vibrio cholerae for Tfpb (20, 32). However, the mo-
lecular mechanisms of Tfp biogenesis and associated functions
remain poorly understood. The first and probably the major
reason is the complexity of this biological system. From 10
proteins (in V. cholerae) up to 18 proteins (in P. aeruginosa) are
necessary for Tfp biogenesis (32). Furthermore, proteins dis-
pensable for Tfp biogenesis (the exact number of which is
unclear) are often key players in Tfp biology, since in the
corresponding mutants Tfp-mediated functions are dramati-
cally affected. The best known example is PilT (44), a hexa-
meric ATPase that powers Tfp retraction by disassembling
pilin subunits from the pilus base (39). In addition to directly
promoting twitching motility (23, 41), PilT-mediated pilus re-
traction affects most aspects of Tfp biology. In Neisseria spe-
cies, for example, a pilT mutant is noncompetent for DNA
transformation (47) and incapable of progressing from the
initial stage of localized adherence to the late stage of diffuse
adherence (35). It also displays increased bacterial aggregation
(47), which indicates that pilus retraction is sometimes a dis-
ruptive force. Another example is PilX, a protein processed by
the prepilin peptidase that colocalizes with Tfp in N. meningi-
tidis. It is a minor (low-abundance) pilin with a 3D structure
typical of type IV pilins and most likely assembled within
filaments as major pilins are (14). A pilX mutant displays a
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selective loss of Tfp-linked phenotypes (13), since it is unable
to form aggregates and hence is unable to adhere to human
cells because interbacterial interactions are essential for local-
ized adherence. Aggregation is restored in a double pilXT
mutant, in which filament retraction is abolished by a concur-
rent mutation in pilT, suggesting that PilX participates in the
formation of aggregates by counterbalancing PilT-mediated
pilus retraction (13). A structure-function analysis suggested
that pilus retraction is hindered when PilX subunits in fila-
ments from different bacteria brace against each other (14).

The second, somewhat paradoxical, reason for our fragmen-
tary understanding of Tfp biology is the fact that these fila-
ments have been studied in many bacterial species (20, 32).
However, most of these species are phylogenetically distant,
and very different assays are often used. Therefore, different
and hardly compatible phenotypes have often been assigned to
mutants with mutations in genes sharing high sequence con-
servation and identical genomic organizations (32). For exam-
ple, while a pilU mutant of P. aeruginosa is hyperpiliated and
does not twitch (45), an N. gonorrhoeae pilU mutant is normally
piliated and exhibits twitching motility but has altered aggre-
gation and adhesion to human cells (30). To add to the com-
plexity, limited genetic changes can affect Tfp-mediated func-
tions even in different strains in the same species. For example,
expression of different pilE alleles in N. meningitidis modulates
adhesion to human cells (28). Therefore, en bloc extrapolation
of existing results to other species (or even different strains of
the same species) is risky, at best.

While it is uncertain whether these diverse findings reflect
actual differences in the studied bacteria or are merely due to
different experimental procedures, it is clear that a global view
of Tfp biology is yet to be achieved for any piliated strain. This
prompted us to start a systematic functional analysis of Tfp
biology in a clinical isolate of the human pathogen N. menin-
gitidis. This strain, 8013, is a good model for several reasons.
First, it is heavily piliated and displays all the phenotypes
classically associated with Tfp. Second, we have resources and
experimental procedures to test and/or quantify piliation and
each Tfp-linked function. Third, we have designed in 8013 the
NeMeSys platform for large-scale identification of gene func-
tion. It consists of a manual annotation of 8013’s genome and
a large archived library of defined mutants, fully integrated in
a bioinformatic database (36). This platform has been instru-
mental for the identification and functional characterization of
16 genes important for piliation in N. meningitidis, which gen-
erated important results with general implications for under-
standing Tfp biogenesis (6, 7, 36). Here, we have extended our
systematic phenotypic analysis to seven genes that are dispens-
able for Tfp biogenesis, including the previously characterized
pilX, whose sequence and/or previous reports suggest that they
play a role in Tfp biology (comP, pilT, pilT2, pilU, pilV, pilX,
and pilZ). This led to many interesting observations reported
here and, together with our previous work, brings us one step
closer to a global view of Tfp biology in N. meningitidis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The wild-type (WT) strain of N.
meningitidis used in this study is a sequenced variant of 8013 (an encapsulated
serogroup C clinical isolate) expressing a highly adhesive pilin variant and no
opacity proteins (28, 36). N. meningitidis was grown on GCB agar plates (Difco)

containing Kellogg’s supplements and, when required, 100 �g/ml kanamycin, 60
�g/ml spectinomycin, 5 �g/ml rifampin, and 3 �g/ml erythromycin. Plates were
incubated at 37°C in a moist atmosphere containing 5% CO2. E. coli DH5�
and TOP10 (Invitrogen) were used for cloning experiments, whereas
BL21(DE3)pLysS (Stratagene) was used for protein expression and purification.
Transformants were grown in liquid or solid Luria-Bertani medium (Difco)
containing, when required, 100 �g/ml ampicillin, 100 �g/ml spectinomycin, and
50 �g/ml kanamycin.

pilT2, pilV, pilX, and pilZ mutans came from the NeMeSys archived library of
defined transposition mutants (10, 36). The pilT mutant was described previously
(35). The pilU mutant was engineered using an in vitro transposon mutagenesis
method described elsewhere (33). A comP mutant and a second pilV mutant (a
gift from P. Morand and X. Nassif) were generated by cloning a spectinomycin
resistance cassette (15) into the corresponding genes. In order to minimize
secondary variations, all the mutations were retransformed in the WT strain, and
mutants (expressing the WT pilE allele as checked by sequencing) were stored at
�80°C. All experiments were performed with bacteria from these frozen stocks
grown on plates. The double mutants containing a concurrent mutation in the
pilT gene were constructed by transforming the above-described mutants (except
for comP/pilT, which we could not obtain) with chromosomal DNA extracted
from a pilT mutant. To complement the mutants, genes placed under the tran-
scriptional control of an IPTG (isopropyl-�-D-thiogalactopyranoside)-inducible
promoter, functional both in E. coli and N. meningitidis, were inserted in a
specific chromosomal locus by allelic exchange (21). This was done as previously
described for pilX (13). Genes were amplified using pairs of primers containing
overhangs corresponding to PacI restriction sites (underlined). We used comP-
IndF (CCTTAATTAAGGAGTAATTTTATGACTGATAATCGGGGGTTT)
and comP-IndR (CCTTAATTAACTACTTAAATAACTTGCAGTCC) for
comP, pilT-IndF (CCTTAATTAAGGAGTAATTTTATGCAGATTACCGAC
TTACTC) and pilT-IndR (CCTTAATTAATCAGAAACTCATACTTTCGCT)
for pilT, pilT2-IndF (CCTTAATTAAGGAGTAATTTTATGACCGCAAAGG
AAGAACTG) and pilT2-IndR (CCTTAATTAATCAGAGCAGTTCCAAAT
CGG) for pilT2, pilU-IndF (CCTTAATTAAGGAGTAATTTTATGAATACC
GATAACCTGCAC) and pilU-IndR (CCTTAATTAATCAGGAAATGAGGT
TGAGAC) for pilU, pilV-IndF (CCTTAATTAAGGAGTAATTTTATGAAAA
ACGTTCAAAAAGGC) and pilV-IndR q(CCTTAATTAATTAGTCGAAGCC
GGGGCAGGA) for pilV, and pilZ-IndF (CCTTAATTAAGGAGTAATTTTA
TGTCAGACGGACAAAATATTC) and pilZ-IndR (CCTTAATTAATTACAT
GGTAAACGTAGGTCTGC) for pilZ. To create strains expressing His6-tagged
PilZ proteins, we used the same strategy except that a His6 tag was added in the
forward or reverse primers (indicated in lowercase). We therefore used pilZ-
IndF and pilZHisC-IndR (CGCTTAATTAATTAgtggtggtggtggtggtgCATGGTA
AACGTAGGTCTGC) to create a pilZ allele expressing a C-terminally tagged
protein and pilZHisN-IndF (CGCTTAATTAAGGAGTAATTTTATGcaccacca
ccaccaccacTCAGACGGACAAAATATTCCG) together with pilZ-IndR to cre-
ate a pilZ allele expressing an N-terminally tagged protein. PCR fragments were
first cloned into pCR8/GW/TOPO (Invitrogen), verified by sequencing, and
subcloned into pGCC4 restricted with PacI (21). All the corresponding proteins
were expressed in E. coli upon induction with 0.4 mM IPTG (Merck Chemicals)
as assessed by SDS-PAGE and Coomassie blue staining. These vectors were then
introduced into N. meningitidis, in the chromosome of which they integrated by
homologous recombination. For comP and pilT mutants, which are noncompe-
tent, the above vectors were first transformed in the WT strain, which was
subsequently transformed with chromosomal DNA extracted from a comP or
pilT mutant. Expression of the corresponding proteins in N. meningitidis was
induced by growing the strains for 16 h on GCB agar plates containing 0.5 mM
IPTG and assessed by immunoblotting (see below).

SDS-PAGE, antisera, and immunoblotting. N. meningitidis whole-cell protein
extracts were prepared as described previously (6). E. coli whole-cell protein
extracts were prepared by resuspending pellets directly in Laemmli sample buffer
(Bio-Rad). When necessary, proteins were quantified using the Bio-Rad protein
assay as suggested by the manufacturer (Bio-Rad). Separation of the proteins by
SDS-PAGE and subsequent blotting to Amersham Hybond ECL membranes
(GE Healthcare) were done using standard molecular biology techniques (38).
Blocking, incubation with primary/secondary antibodies, and detection using
Amersham ECL Plus and/or Advance reagents (GE Healthcare) were done
following the manufacturer’s instructions. Alternatively, SDS-polyacrylamide
gels were stained using Bio-Safe Coomassie blue stain (Bio-Rad).

Antisera against ComP, PilC1, PilE, PilT, PilU, PilV, PilX, and PilZ were used
at dilutions of between 1/2,000 and 1/5,000. Amersham ECL horseradish perox-
idase (HRP)-linked secondary antibodies (GE Healthcare) were used at a
1/10,000 dilution. It should be noted that detection of PilT2, the only protein for
which we do not have a specific antibody, was performed with the anti-PilT
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antibody in a pilT mutant background owing to the high sequence identity
between these two proteins. Antisera against PilC1, PilE, PilT, and PilX have
been described previously (13, 25, 26). A rabbit antiserum specific for PilZ was
produced against a purified recombinant protein. The entire pilZ gene was
amplified using 981pETF (GGAATTCCATATGTCAGACGGACAAAATA)
and 981pETR (CCGCTCGAGCATGGTAAACGTAGGTCTGC), which con-
tained overhangs corresponding to NdeI and XhoI restriction sites. The fragment
was first cloned into pCRII-TOPO, checked by sequencing, and then subcloned
into pET-20 (Novagen) restricted with NdeI and XhoI. This introduced a His6

tag at the C terminus of the recombinant protein, which was expressed in E. coli
BL21(DE3)pLysS and purified on an Ni-nitrilotriacetic acid (NTA) column.
Antisera specific for ComP and PilV (a gift from P. Morand and X. Nassif) were
produced in a similar way. We have purified antisera against PilV, PilX, and PilZ
by immunoaffinity using the corresponding proteins. The PilU-specific antiserum
(a gift from G. Duménil and X. Nassif) was generated against synthetic peptides.

Tfp detection, quantification, and purification. As previously described (7),
Tfp were visualized by immunofluorescence (IF) microscopy on a Nikon Eclipse
E600 microscope after they were stained with the 20D9 monoclonal antibody
(34). Piliation was quantified using this antibody and a previously described
whole-cell enzyme-linked immunosorbent assay (ELISA) (13).

Pilus purification by ammonium sulfate precipitation was carried as previously
described (14), with one minor modification. Bacteria from one heavily inocu-
lated agar plate were first resuspended by gentle pipetting in phosphate-buffered
saline (PBS) and adjusted to a given optical density at 600 nm (OD600) in order
to perform accurate CFU counts (no pilus shearing occurs at this stage). Sus-
pensions containing equivalent numbers of bacteria were pelleted by a 2-min
centrifugation at 12,000 � g, pellets were resuspended in 1 ml of 0.15 M etha-
nolamine (pH 10.5), and pilus purification was carried as before (14). In addition,
we designed a pilus immunopurification procedure using the 20D9 antibody.
Bacteria from one heavily inoculated agar plate were first resuspended in 1 ml
PBS, vortexed for 2 min to shear Tfp, and adjusted to a given OD600. Cells and
large debris were pelleted by centrifugation at 16,000 � g for 7 min at 4°C. Eight
microliters of 20D9 antibody was then added to 800 �l supernatant, which was
incubated on a wheel for 2 h at room temperature. In the meantime, Dynabeads
coated with protein A (Invitrogen) were washed twice in sodium phosphate
buffer and then once in PBS following the manufacturer’s instructions. Thirty
microliters of beads was then added to each sample, which was further incubated
for 1 h on a wheel at room temperature. Beads with bound 20D9-Tfp immuno-
complexes were captured using a DynaMag magnet (Invitrogen), supernatant
was removed, and beads were resuspended in PBS. After five such washes, beads
were resuspended in 30 �l Laemmli sample buffer and incubated for 5 to 10 min
at 95°C to release the bound immunocomplexes. Beads were captured again as
described above, and the supernatant containing the 20D9-Tfp immunocomplex
was analyzed by SDS-PAGE.

Transformation assay. Natural competence for DNA transformation was
quantified as follows. N. meningitidis grown on agar plates was resuspended in
liquid GCB containing 5 mM MgCl2 (GCB transfo) at an OD550 of 1 (approx-
imately 108 CFU/ml). The numbers of CFU/ml were systematically assessed by
performing counts. Two hundred microliters of the previous suspension was
mixed with 1 �g of Rifr chromosomal DNA in 24-well plates. This DNA was
extracted from a mutant of strain 8013 spontaneously resistant to rifampin. After
incubation for 30 min at 37°C on an orbital shaker, GCB transfo (1.8 ml) was
then added to the wells and the plates were further incubated for 3 h at 37°C
without shaking. Transformants were quantified by counting the number of Rifr

CFU obtained by plating appropriate dilutions on plates containing rifampin.
Aggregation assay. N. meningitidis grown on agar plates was resuspended at an

OD600 of 0.1 or 0.02 in 500 �l RPMI containing 10% fetal bovine serum GOLD
(PAA Laboratories) and incubated at 37°C in 24-well plates. Aggregates forming
on the bottoms of the wells were visualized by phase-contrast microscopy using
a Nikon TS100F microscope. Digital images were recorded using a Sony HDR-
CX11 high-definition (HD) camcorder mounted onto the microscope.

Twitching motility assay. An assay was designed to assess twitching motility by
phase-contrast microscopy. We observed bacterial motility within aggregates that
were attached either to the bottom of the wells in 24-well plates in aggregation
assays (see above) or to human cells in adhesion assays (see below). Short HD
videos (approximately 30 s) were recorded using the camcorder mounted onto
the microscope.

Adherence assay. Adhesion of meningococci to pooled human umbilical vein
endothelial cells (HUVEC) (Lonza) was done as described previously (13). In
brief, monolayers of 105 cells in 24-well plates were infected with 1 ml of N.
meningitidis resuspended in RPMI–10% serum (RPMI-S) at an OD600 of 0.01
(approximately 2 � 107 CFU/ml). Numbers of added bacteria were systemati-
cally determined by counting CFU. In some experiments, the cells were fixed

before infection with 2.5% paraformaldehyde in PBS (35). After 30 min, un-
bound bacteria were removed and new RPMI-S was added. The infection was
continued for up to 4 h, with the medium being replaced every hour. At the
endpoint, several washes were done, and adherent bacteria were recovered by
scraping the wells and plated on agar plates to perform CFU counts. Digital
images and HD videos were recorded using the above-described setup.

RESULTS

General features of ComP, PilT, PilT2, PilU, PilV, PilX, and
PilZ proteins. Earlier screens of the NeMeSys collection of
mutants identified pilX and pilZ mutants, which, although pili-
ated, were dramatically affected in aggregation and/or adhe-
sion (7, 13). A mining of the complete genome of strain 8013
(36) revealed only five additional genes that either play a role
in Tfp biology in N. meningitidis (pilT) (13, 35) or are likely to
play a role based either on experimental evidence for other
species (comP, pilU, and pilV) (30, 45, 46, 48) or solely on
sequence homology (pilT2). Out of these seven genes, which
are virtually identical in the closely related pathogen N. gon-
orrhoeae, three (pilT, pilU, and pilZ) are widely conserved in
Tfpa-expressing species (32). Mutants with mutations in these
seven genes are piliated (36) as shown by immunofluorescence
(IF) microscopy using the 20D9 monoclonal antibody specific
for fibers of strain 8013 (34). Interestingly, the proteins en-
coded by these seven genes can be cataloged in three classes
based on their sequence features.

The pilZ mutant was originally identified as being unable to
form aggregates, but it was not studied further (7). PilZ is
predicted to be a cytoplasmic protein with very limited homol-
ogy to the Pfam domain PF07238 found in proteins binding the
secondary messenger cyclic di-GMP (c-di-GMP) (5, 37). We
raised a specific serum against PilZ whose affinity is high as
seen in immunoblots with the purified protein, but we could
not detect PilZ in the WT strain or in a pilZind strain that
contains a second chromosomal copy of pilZ under the tran-
scriptional control of an IPTG-inducible promoter. Even the
construction of strains expressing tagged PilZ-His6 or His6-
PilZ proteins and the use of a commercial anti-His antibody
did not allow detection of this protein. This suggests that PilZ
either is expressed at very low levels or has an extremely short
half-life.

ComP, PilV, and the previously characterized PilX each
harbor a distinctive N-terminal leader sequence (see Fig. S1A
in the supplemental material) found in type IV pilins (9, 13,
14). Similarity between the mature forms of PilE (the major
pilus subunit), ComP, PilV, and PilX is limited to the 27 mainly
hydrophobic N-terminal amino acids that are key for assembly
into Tfp (9). In addition, each protein harbors C-terminal
cysteines and is likely to contain a disulfide bond-delimited D
region found in most pilins and minor pilins (9, 14). As previ-
ously done for PilX, we showed by immunoblotting that ComP
and PilV are processed by the prepilin peptidase PilD, since
only unprocessed precursors were detected in a pilD mutant
(Fig. 1A). Furthermore, like PilX, both ComP and PilV copu-
rify with Tfp, as they could be detected in pilus preparations
(Fig. 1B). Therefore, it is likely that ComP, PilV, and PilX are
all minor pilins. Importantly, copurification of each minor pilin
with Tfp was mainly independent of the others, except for
ComP, which was much more abundant in the pili of a pilV
mutant (Fig. 1B).
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PilT2 and PilU show a very high degree of amino acid con-
servation (60%) with the retraction motor PilT (see Fig. S1B in
the supplemental material). These proteins, which differ from
PilT mainly by the presence of terminal extensions, belong to
the family of type II/IV secretion system ATPases (31). In
contrast to the pilU gene, which is found downstream of pilT in
most bacteria expressing Tfpa (30, 45), pilT2 is specific to

Neisseria and has not been previously studied. This gene is part
of a putative operon that contains the pilZ gene (see Fig. S1C
in the supplemental material). While in most piliated species,
this putative operon starts with holB (which encodes a subunit
of the DNA polymerase III), in Neisseria it starts with pilT2,
which is separated from holB by only 34 bp.

Assessing and quantifying piliation. Although N. meningiti-
dis mutants with mutations in these 7 genes express Tfp as
assessed by IF microscopy (36), it was important to character-
ize their piliation further.

We first assessed whether pili could be purified using a
classical procedure during which filaments sheared by vortex-
ing are precipitated using ammonium sulfate (46). Pilus prep-
arations obtained from equivalent numbers of CFU were fairly
pure, since the 17-kDa pilin (PilE) was overwhelmingly the
dominant species detected on Coomassie blue-stained gels af-
ter SDS-PAGE (Fig. 2A). Compared to the yield of pili ob-
tained from the WT strain, pilus yields in the seven mutants
were either (i) lower (slightly in a pilX mutant and dramatically
in a pilZ mutant, in which PilE was barely detectable), (ii)
similar (in the comP, pilV, and pilU mutants), or (iii) higher (in
the pilT and pilT2 mutants). Surprisingly, the very low Tfp
yields in the pilZ mutant were not consistent with the high
numbers of filaments seen by IF microscopy. To show that pili
from the pilZ mutant could be purified, we designed a small-
scale affinity purification procedure using the 20D9 antibody.
In brief, pili sheared by vortexing as described above were
incubated with this antibody, and filaments were immunopre-
cipitated using magnetic beads coated with protein A. After
several washes to remove the unbound components in the
sample, pilus immunopreparations (IPs) were separated by
SDS-PAGE and gels were stained with Coomassie blue (Fig.
2B). Analysis of the pilus IPs in positive and negative controls

FIG. 1. Immunoblot analysis of the minor pilins ComP, PilV, and
PilX. (A) Immunoblot detection of ComP, PilV, and PilX (as a con-
trol) in whole-cell protein extracts in PilD� and PilD� genetic back-
grounds. Equal amounts of proteins were loaded in each lane. For
ComP, which could not be detected in the WT strain, this was done in
an overexpressing comPind strain that contains a second copy of comP
under the transcriptional control of an IPTG-inducible promoter.
(B) Immunoblot detection of ComP, PilV, and PilX in “classical” pilus
preparations from the WT strain and various mutants. Equal amounts
of pili were loaded in each lane, as assessed by PilE immunodetection
(data not shown). There was one major cross-reacting species in each
immunoblot (indicated by an asterisk). As suggested by its size and
shape, it is possible that this band corresponds to PilE, which is the
overwhelmingly dominant protein in pilus preparations.

FIG. 2. Qualitative (A and B) and quantitative (C) assays of piliation in N. meningitidis comP, pilT, pilT2, pilU, pilV, pilX, and pilZ mutants. The
WT strain and a nonpiliated pilD mutant were included as positive and negative controls, respectively. (A and B) Tfp purified from the different
strains using a “classical” shearing/ammonium sulfate precipitation method (A) or a shearing/immunoprecipitation method (B) were separated by
SDS-PAGE and stained with Coomassie blue. Samples were prepared from equivalent numbers of CFU, and identical volumes were loaded in each
lane. (C) Tfp were quantified by a whole-cell ELISA using a monoclonal antibody specific for strain 8013 fibers. Equivalent numbers of CFU were
applied to the well of a microtiter plate, and Tfp were quantified by measuring the OD450. Results are expressed as CFU mutant/CFU WT strain
giving an OD450 of 0.4 and are the means � standard deviations from 4 to 12 independent experiments. Ratios for the WT strain (positive control)
and the nonpiliated pilD mutant (negative control) have been set at 1 and 0, respectively. A ratio smaller than 1 indicates that the mutant is less
piliated than the WT strain.
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confirmed that this new purification procedure is efficient. The
only protein species that could be detected were the 17-kDa
PilE and the light and heavy chains of the antibody, of which
only the 25-kDa light chain is visible in Fig. 2B. Although the
minute amounts of antibody that were used (this is a scarce
resource) meant that only a small fraction of pili could be
recovered, pili could be immunoprecipitated from each mutant
(including the pilZ mutant), confirming that the pilZ mutant is
piliated.

Next, we quantified piliation in the different mutants by a
whole-cell ELISA procedure that uses the 20D9 antibody (13).
In brief, after preparation of suspensions containing equivalent
numbers of CFU for each strain, serial dilutions were applied
to the wells of a microtiter plate and reacted with 20D9, which
was itself reacted with a peroxidase-linked secondary antibody.
The amount of bound secondary antibody was then quantified
spectrophotometrically. While the WT strain reacted strongly,
there was an almost complete absence of background with a
nonpiliated pilD mutant. We determined, using exponential
regression models, the piliation index for each mutant as the
ratio of WT CFU to mutant CFU giving an OD450 of 0.4 (Fig.
2C). A ratio smaller than 1 indicates that the mutant is less
piliated than the WT strain (i.e., more CFU are needed to
obtain the same OD450) and vice versa. We found that the pilX
and pilZ mutants displayed 1.4- and 2.1-fold decreases in pili-
ation, respectively. Piliation in the comP, pilV, and pilU mu-
tants was not affected, while the pilT and pilT2 mutants were
hyperpiliated, with approximately 7.4- and 2-fold increases in
piliation, respectively. Therefore, of the seven studied proteins,
PilX and PilZ slightly affect Tfp assembly/stability, while PilT
and PilT2 are antagonists of pilus formation since piliation is
increased in their absence.

Quantifying competence for DNA transformation. N. men-
ingitidis is naturally competent for transformation throughout
its growth cycle. Competence, which is a Tfp-linked phenotype,
is a multisequential process during which DNA is taken up in
the periplasm, translocated across the inner membrane, and
integrated into the chromosome by homologous recombina-
tion (2). We quantified competence in the seven mutants by
counting the number of rifampin-resistant colonies obtained
after transformation of equivalent numbers of CFU with 1 �g
of chromosomal DNA purified from a mutant of strain 8013
spontaneously resistant to rifampin (13). Similar results were
obtained with chromosomal DNA purified from an erythromy-
cin-resistant mutant (data not shown). The results were en-
tirely consistent with those for N. gonorrhoeae, in which several
of these mutants have been analyzed (1, 2, 47, 48). While
almost 0.02% of the recipient cells were transformed for the
WT strain, transformability of a nonpiliated pilD mutant was
reduced more than 300-fold (Fig. 3). comP and pilT mutants
were noncompetent. We confirmed that this was due to the
absence of ComP or PilT by showing that competence was
restored in complemented comP/comPind and pilT/pilTind

strains, with transformabilities 5.1- and 2.5-fold higher than
that in the WT strain, respectively. The pilX mutant, as re-
ported previously (13), had a 13.2-fold reduced transformabil-
ity, which was statistically significant (P � 0.0039) as assessed
by a two-tailed Student t test. Competence in the comple-
mented pilX/pilXind strain was restored and was 6.3-fold higher
than that in the WT strain. The pilT2, pilU, and pilZ mutants

were as competent as the WT strain. Finally, as in N. gonor-
rhoeae (1), the pilV mutant displayed a 2.4-fold-higher trans-
formability than the WT strain (P � 0.011). In conclusion, four
of the seven proteins studied modulate competence for natural
DNA transformation. ComP and PilT are essential for this
phenotype, PilX is necessary for full competence, and PilV has
a negative impact, since in its absence transformation is more
efficient.

Assessing bacterial aggregation. The ability to form bacte-
rial aggregates, a Tfp-linked phenotype key for meningococcal
virulence, was assessed in liquid medium. The mutants were
incubated for 2 h at 37°C under static conditions, and aggre-
gates were observed by phase-contrast microscopy (7, 13).
While no aggregates were seen for the pilD mutant, we found
that the comP, pilT2, pilU, and pilV mutants produced regular
and round aggregates similar to those produced by the WT
strain (Fig. 4A). In contrast, as previously described (13), the
pilT mutant displayed highly irregular aggregates. Round ag-
gregates were restored in the complemented pilT/pilTind strain
(data not shown), indicating that aggregate morphology is in-
fluenced by pilus dynamics. Finally, no aggregates were seen
for the pilX and pilZ mutants, even after prolonged incubation.
Because the pilZ gene is likely to be part of an operon (see Fig.
S1C in the supplemental material), we showed that the non-
aggregative phenotype is not due to a polar effect by demon-
strating that aggregation is restored in the complemented pilZ/
pilZind strain. Interestingly, aggregation was also restored in
the pilZ/his6-pilZind and pilZ/pilZind-his6 strains described
above (data not shown). This shows that the corresponding
PilZ-His6 and His6-PilZ proteins are produced and functional,
despite the fact that we were unable to detect them by immu-
noblotting.

Subsequently, since PilT-powered filament retraction has a
disruptive role in the formation of bacterial aggregates, we
introduced a concurrent pilT mutation into the mutants and

FIG. 3. Quantification of the competence for DNA transformation
in N. meningitidis comP, pilT, pilT2, pilU, pilV, pilX, and pilZ mutants.
The WT strain and a nonpiliated pilD mutant were included as positive
and negative controls, respectively. Equivalent numbers of recipient
cells were transformed using 1 �g of chromosomal DNA purified from
a Rifr strain, and Rifr transformants were counted. Results are ex-
pressed as percentages of recipient cells transformed and are the
means � standard deviations from four to six independent experi-
ments.
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tested them for aggregation. All the double mutants displayed
highly irregular aggregates similar to those seen in the pilT
mutant (data not shown). Importantly, as previously shown for
the pilXT mutant (13), the pilZT mutant formed aggregates
despite the absence of PilZ (Fig. 4A), which indicates that the
mutation in pilT is epistatic to that in pilZ with respect to
aggregation.

We also monitored aggregation kinetics for the mutants that
formed aggregates (Fig. 4B). While the comP and pilU mutants
displayed aggregative kinetics similar to those of the WT
strain, we found that the pilT2 and pilV mutants formed ag-

gregates significantly faster. While it took approximately 45
min for very small aggregates to become visible in the WT
strain, aggregates in the pilT2 and pilV mutants became visible
in as little as 10 min and were already large after 45 min.
Normal aggregation kinetics were restored in both comple-
mented strains pilT2/pilT2ind and pilV/pilVind (data not shown),
confirming that the observed phenotypes were indeed due to
the lack of expression of PilT2 or PilV. In the pilT mutant,
kinetics were impossible to assess because its irregular aggre-
gates are resistant to dissociation and were present from the
beginning of the assay. In conclusion, five of the seven proteins
studied modulate Tfp-mediated formation of bacterial aggre-
gates. PilX and PilZ are essential for this phenotype (unless
filament retraction is abolished), while PilT, PilT2, and PilV
antagonize it to various extents.

Assessing twitching motility. Twitching motility, which oc-
curs under humid conditions on both organic and inorganic
surfaces, is powered by Tfp retraction (20). Unlike in P. aerugi-
nosa (40), observation of twitching motility zones at the inter-
stitial surface between agar and plastic after subsurface stab
inoculation is impractical in N. meningitidis. Furthermore,
other methods (e.g., observation of bacteria at the edges of
colonies growing on the surface of agar plates) are poorly
discriminative. We therefore designed a robust assay to readily
assess this phenotype in the meningococcus. By coupling a
high-definition (HD) digital camcorder to the microscope, we
documented twitching motility by recording in real time bac-
terial movement within aggregates attached to the plastic in
24-well plates. When WT aggregates were observed, bacteria
exhibited continuous and vigorous jerky movements (see
Video S1 in the supplemental material). This movement is
clearly distinct in amplitude and speed from the Brownian
motion exhibited by isolated diplococci that can be seen in the
same video. This movement indeed results from twitching mo-
tility as confirmed by observing a pilT mutant. While isolated
pilT diplococci display Brownian motion, the aggregates
formed by this mutant are completely still (see Video S2 in the
supplemental material). When the other four mutants that
formed aggregates (the comP, pilT2, pilU, and pilV mutants)
were analyzed in this way, we found that they all exhibit jerky
movements (see Videos S3, S4, S5, and S6 in the supplemental
material), indicating that the corresponding proteins play no
detectable role in twitching motility.

Assessing and quantifying adhesion to human cells. The
Tfp-linked phenotype possibly most important for meningo-
coccal virulence is the ability to adhere strongly to human cells
(43). As in our previous studies (7, 13), we used human um-
bilical vein endothelial cells (HUVEC) to quantify the adhe-
sion abilities of the seven mutants. When output results were
normalized to the initial inocula, there was more than a 1,500-
fold decrease in adhesion for a nonpiliated pilD mutant com-
pared to the WT strain (Fig. 5A). We found that most of the
mutants, but not the pilX and pilZ mutants, adhered to
HUVEC as well as the WT strain. As previously demonstrated
(13), the pilX mutant was as dramatically affected for adhesion
as a nonpiliated mutant. Unexpectedly, the pilZ mutant, al-
though it does not form aggregates, which has so far always
been associated with abolished adhesion, adhered 10-fold bet-
ter than a nonpiliated mutant (P � 1.28 � 10�8). Moreover,
the pilZ mutant displayed a morphologically unique adhesion

FIG. 4. Aggregation as assessed by phase-contrast microscopy
(scale bars, 10 �m). (A) Aggregates observed after 2 h in N. meningi-
tidis comP, pilT, pilT2, pilU, pilV, pilX, and pilZ mutants. The WT strain
and a nonpiliated pilD mutant were included as positive and negative
controls, respectively. Aggregates restored in double pilXT and pilZT
mutants are also shown. (B) Aggregation kinetics in pilT2 and pilV
mutants. The WT strain was included as a control. Pictures were taken
at 0, 10, and 45 min.
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(Fig. 6). Unlike the WT strain, for which round and dense
aggregates of bacteria were adhering to the cells, which is
typical of Tfp-mediated adherence (35), the pilZ mutant ad-
hered in fragmented clusters in which there was little contact
between the diplococci. Adhesion in the complemented pilZ/
pilZind strain was normal (data not shown), confirming that the
impaired adherence in the pilZ mutant was due to the lack of
expression of PilZ.

Next, since PilT-powered filament retraction has an impor-
tant role in adhesion, we quantified the adhesive abilities of all
the double mutants containing a concurrent mutation in the
pilT gene. Interestingly, as previously reported for the pilX/T
mutant (13), we found that the pilZT double mutant adhered
to HUVEC as well as the pilT mutant (Fig. 5A). In other
words, the mutation in pilT is epistatic to that in pilZ with
respect to adhesion, because N. meningitidis can adhere to
human cells in the absence of PilZ when PilT is also absent.

We therefore tested by immunoblotting whether the copurifi-
cation with Tfp of the Pil proteins known to modulate adhesion
to human cells, i.e., PilC1, PilX, and PilV (13, 27, 46), was
affected in the absence of PilZ. The answer was negative
(Fig. 7), which rules out the possibility that impaired adhesion
in the pilZ mutant is due to a reduced association of PilC1,
PilX, and PilV with the filaments.

To further delineate adhesion in the adhering mutants, we
monitored it by phase-contrast microscopy over time. This
revealed important differences. Compared to the WT strain,
more bacteria were seen on cells for the pilU mutant at early
time points. We therefore quantified the adhesive abilities of
the pilU mutant and the WT strain after 30 and 90 min of
infection (Fig. 5B), which showed, respectively, 3.8- and 2.7-
fold increases in adherent CFU in the pilU mutant (P � 0.053
and 0.014 at 30 and 90 min, respectively). This suggests that
PilU has a negative impact on initial adhesion, since in its
absence more bacteria adhere at early time points. Similarly, it
became readily apparent on closer inspection that adhering
pilV aggregates exhibit an increase in twitching motility, which
was documented by producing HD movies. While a few bac-
teria exhibited limited movement within adhering aggregates
in the WT strain (see Video S7 in the supplemental material),
in the pilV mutant virtually all the meningococci exhibited
frenetic, jerky movements (see Video S8 in the supplemental
material). This movement clearly corresponded to twitching

FIG. 5. Quantification of adhesion to HUVEC. After a 30-min
contact during which standard numbers of bacteria adhered to stan-
dard numbers of cells, nonadherent bacteria were removed by replac-
ing the medium. After further incubation (with the medium being
regularly replaced every hour), cells were washed and recovered by
scraping, and adherent bacteria were counted. Results, expressed as
CFU of adhering bacteria, were normalized for an inoculum of 107

CFU. (A) Adhesion or N. meningitidis comP, pilT, pilT2, pilU, pilV,
pilX, and pilZ mutants to HUVEC after 270 min of infection. The WT
strain and a nonpiliated pilD mutant were included as positive and
negative controls, respectively. Restored adhesion in pilXT and pilZT
double mutants is also shown. Results are the means � standard
deviations from 3 to 10 independent experiments. (B) Adhesion of the
pilU mutant to HUVEC after 30 and 90 min of infection. The WT
strain was included as a control. Results are the means � standard
deviations from five independent experiments.

FIG. 6. Adhesion of a pilZ mutant to HUVEC as observed by phase-contrast microscopy (scale bars, 10 �m). Images were taken after 150 min
of infection. The WT strain and a nonpiliated pilD mutant were included as positive and negative controls, respectively.

FIG. 7. Immunoblot detection of PilV, PilX, and PilC1 in “classi-
cal” pilus preparations from a pilZ mutant. The WT strain and a pilE
mutant were included as positive and negative controls, respectively.
Equal amounts of pili were loaded in each lane, as assessed by PilE
immunodetection (data not shown). As in Fig. 1, there was a major
cross-reacting species (indicated by an asterisk) in the immunoblots in
which minor pilins were detected, which might correspond to PilE.
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motility, since adhering aggregates of the pilT mutant were still
(see Video S9 in the supplemental material). This increase in
movement was not actively induced by the human cells, since it
was also observed on cells fixed with paraformaldehyde prior
to infection (data not shown). On inspection of frames in these
movies, another difference was also apparent: pilV aggregates
are looser than those formed by the WT strain (compare Vid-
eos S7 and S8 in the supplemental material).

In conclusion, five of the seven proteins studied modulate
Tfp-mediated adherence to human cells. PilX and PilZ are
essential for high numbers of bacteria to adhere (unless fila-
ment retraction is abolished by a concurrent pilT mutation),
while PilU, PilV, and PilT (35) affect this phenotype in a
qualitative fashion.

Phenotypic alterations resulting from gene overexpression.
The above findings came from the study of phenotypic alter-
ations resulting from gene mutation. However, although this is
the most popular and efficient path to identifying gene func-
tion, significant functional information can also be extracted
from the study of phenotypic effects resulting from gene over-
expression. In Tfp biology, this has been shown for the fimT
and fimU genes in P. aeruginosa (4). Given the fact that some
of the proteins studied could be grouped into functional
classes, it was interesting to determine what phenotypic effects,
if any, would result from overexpression of some proteins in
heterologous mutant backgrounds. Since PilT, PilT2, and PilU
are paralogs, we wondered whether overexpression of PilT2 or
PilU could cross-complement the defects in the pilT mutant.
We therefore constructed pilT/pilT2ind and pilT/pilUind strains
(which have a second chromosomal copy of the pilT2 or pilU
gene under the transcriptional control of an IPTG-inducible
promoter) and tested their competence and twitching motility.
While competence and twitching motility were restored in the
complemented pilT/pilTind strain, both the pilT/pilT2ind and
pilT/pilUind strains behaved as the pilT mutant did (data not
shown). This indicates that overexpression of PilT2 and PilU is
not able to cross-complement the phenotypic defects resulting
from the absence of PilT, suggesting that there is no major
functional overlap between these three proteins.

Similarly, because all the corresponding proteins are likely
to be minor pilins, we tested whether overexpression of PilV or
PilX could cross-complement the competence defect in the
comP mutant and whether ComP and PilV could cross-com-
plement the defects in the pilX mutant. The answer to the first
question was negative; the comP/pilVind and comP/pilXind mu-
tants remained noncompetent like the comP mutant (data not
shown). In contrast, while the pilX/pilVind mutant remained
nonaggregative, the pilX/comPind mutant formed aggregates
(Fig. 8A). These aggregates, however, were morphologically
unique, since they were flat, loose, and fragile, tending to
disappear upon very moderate agitation. The possibility to
restore aggregates in a pilX mutant without the concurrent
introduction of a pilT mutation offered us the opportunity to
assess twitching motility in the absence of PilX. HD movies of
the pilX/comPind aggregates showed that they displayed jerky
movements (data not shown), confirming that PilX is dispens-
able for twitching motility. Consistent with the close link be-
tween aggregation and adhesion to human cells, we found that
there was a 4.6-fold increase (P � 0.043) in adherent CFU in
the pilX/comPind strain compared to the pilX mutant (Fig. 8B).

Interestingly, in the pilX/comPind strain there was also an in-
crease (P � 0.022) in the number of transformants to WT
levels (Fig. 8C). Finally, when we tested pilX/pilVind for trans-
formability, we found a reduction in transformability com-
pared to the pilX mutant. Although it was of low statistical
significance, this was consistent with the negative impact of
PilV on transformation. Therefore, although there appears to
be no major functional redundancy between the minor pilins,
they can modulate each other’s functions, both positively and
negatively.

DISCUSSION

Tfp biology is a complex system involving a large number of
genes, many of which are conserved in both sequence and
genomic organization in piliated species (32). An integrated
molecular view of Tfp biology remains an elusive goal because
of important differences between the various model species in
which these genes have been functionally characterized. We
have therefore started a systematic functional analysis in a
sequenced clinical isolate of N. meningitidis. After recently
reporting the analysis of 16 genes essential for Tfp biogenesis
(6, 7), here we have extended our effort. We have systemati-
cally studied the phenotypic alterations resulting from muta-

FIG. 8. Aggregation, competence, and/or adhesion in cross-com-
plemented pilX/comPind and pilX/pilVind strains. (A) Aggregation in
the pilX/comPind and pilX/pilVind mutants as observed by phase-con-
trast microscopy after 2 h of growth (scale bars, 10 �m). The pilX/
pilXind strain was included as a control. (B) Adhesion of the pilX/
comPind strain to HUVEC after 270 min of infection. The WT strain
and the pilD and pilX mutants were included as controls. The results,
expressed as CFU of adhering bacteria normalized for an inoculum of
107 CFU, are the means � standard deviations from four to six inde-
pendent experiments. (C) Quantification of the competence for DNA
transformation in pilX/comPind and pilX/pilVind strains. The WT strain,
the pilX/pilXind strain, and the pilD and pilX mutants were included as
controls. Results are expressed as percentages of recipient cells trans-
formed and are the means � standard deviations from three to six
independent experiments.
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tion or overexpression of seven genes dispensable for piliation,
showing that they all modulate Tfp-mediated functions (Table 1).

We previously reported that an N. meningitidis pilZ mutant
was piliated, since we could visualize its filaments by IF mi-
croscopy (7). Here, we unambiguously show that PilZ is dis-
pensable for piliation, although the filaments in this mutant
could not be readily purified using a classical precipitation
method. This is similar to what has been reported for a P.
aeruginosa mutant unable to glycosylate the major pilin (42), in
which case the poor pilus yields were attributed to altered
physical properties of the filaments. In addition, this offers a
plausible explanation for the apparent discrepancy between
our findings and those of Alm et al., who reported that a P.
aeruginosa pilZ mutant is nonpiliated based on the fact that no
pilin could be detected in pilus preparations (3). Nevertheless,
PilZ plays an important role in Tfp biology in N. meningitidis,
since the pilZ mutant displays dramatic defects in aggregation
and adhesion (Table 1). Interestingly, the findings that aggre-
gation and adhesion are restored in a pilZT double mutant
suggest that PilZ participates in these phenotypes by somehow
counterbalancing PilT-mediated filament retraction. These
findings are similar, but not identical, to those with the pilX
mutant (Table 1). PilZ does not interfere with PilX presenta-
tion within the filaments, and the intrinsically different prop-
erties of PilZ and PilX suggest that PilZ (a predicted cytoplas-
mic protein) does not affect aggregation directly as the minor
pilin PilX does (14). What the molecular basis of PilZ’s role in
Tfp biology could be is thus still a matter of speculation. How-
ever, despite limited homology to a motif found in proteins
binding the important secondary messenger c-di-GMP (5), sev-
eral observations argue against a regulatory function for PilZ
through binding of c-di-GMP. First, the N. meningitidis 8013
genome encodes no proteins containing known motifs for c-di-
GMP synthesis and degradation. Second, the crystal structure
of PilZ in Xanthomonas campestris (56% amino acid conser-
vation with N. meningitidis PilZ) showed that it lacks an N-
terminal motif essential for c-di-GMP binding (16). Third, PilZ
from P. aeruginosa (64% amino acid conservation) does not
bind c-di-GMP (22). Two alternative possibilities could be
envisioned to explain the dramatic phenotypic defects in the
pilZ mutant. One could speculate that PilZ slows down fila-
ment retraction by interfering directly or indirectly with PilT
and that in its absence bacterial aggregates could not resist the
disruptive forces of pilus retraction. Alternatively, the pheno-
typic defects of the pilZ mutant could be due to its slightly
decreased piliation. This is, however, less likely, because it has
been shown in N. gonorrhoeae by modulating piliation that a

moderate decrease in piliation leads to merely a 2-fold de-
crease in adherence (17).

We have previously shown that of the eight genes in the N.
meningitidis genome that encode proteins harboring the dis-
tinctive prepilin N-terminal leader sequence, five (pilE, pilH,
pilI, pilJ, and pilK) are essential for Tfp biogenesis (7), while
pilX is dispensable but key for Tfp-mediated functions (13, 14).
We demonstrate here that the last two genes (comP and pilV)
are dispensable for piliation but play important roles in Tfp
biology, similar to those in N. gonorrhoeae (46, 48). Our results
support the notion that, like PilX (14), ComP and PilV are
minor pilins that assemble within the filaments in a way similar
to that for PilE and exert their role(s) from that location.
Importantly, ComP, PilV, and PilX all have different functions
(Table 1). As previously reported (13), PilX is essential for
aggregation and hence adhesion to human cells. Interestingly,
it is now clear that PilX also plays a role in competence,
because its reduced competence cannot simply be a conse-
quence of its abolished aggregation or slightly reduced pilia-
tion, since the pilZ mutant, which exhibits similar defects, is
normally competent. The second minor pilin, ComP, is essen-
tial for competence for DNA transformation, which is consis-
tent with results for N. gonorrhoeae (2, 48). Finally, PilV pre-
sents multiple and rather subtle phenotypic alterations. PilV is
an intrinsic antagonist of both competence, which is consistent
with the case for N. gonorrhoeae (1), and aggregation. While
PilV might impinge on competence by antagonizing accumu-
lation of ComP within the filaments, as suggested for the gono-
coccus (1), such a scenario cannot explain its negative role in
aggregation, since PilX levels in filaments are independent of
PilV. In addition, PilV is important for normal adherence to
human cells in both the meningococcus and the gonococcus,
but in very different ways. While in N. gonorrhoeae a pilV
mutant displays a dramatic reduction in adherence (46), an N.
meningitidis pilV mutant adheres as well as the WT strain but
the adhering aggregates are looser and exhibit a striking in-
crease in twitching motility. This phenotype, never previously
observed, is not actively induced by the cells, because it was
also observed on fixed cells. A unifying molecular mechanism
explaining such a vast array of unrelated phenotypes is difficult
to imagine at this stage. The simple possibility that aggregation
is faster in a pilV mutant because of a slowing down of pilus
retraction seems incompatible with the “hypertwitching” phe-
notype seen on human cells. However, there is one attractive
possibility, i.e., that of PilV being a factor contributing directly
or indirectly to the cohesion of aggregates. In the absence of
PilV, aggregates might be less compact, and looser aggregates

TABLE 1. Summary of the phenotypic alterations in N. meningitidis comP, pilT, pilT2, pilU, pilV, pilX, and pilZ mutants

Tfp biology feature
Alterationa in mutant:

pilT pilT2 pilU comP pilV pilX pilXT pilZ pilZT

Piliation 1 1 2 1 2 1
Competence Nil Nil 1 2 Nil Nil
Aggregation 1 � � Nil 1 Nil 1
Twitching motility Nil 1 Nil ND Nil
Adhesion to cells � � � Nil � 2 �

a When there is no indication, the corresponding feature is unaffected compared to that in the WT strain.1 and2, the feature is positively or negatively affected,
respectively. Nil, the feature is abolished. �, the feature is altered in a qualitative fashion (see text for details). ND, not determined.
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would in turn lead to an apparent increase in twitching motility
since there would be less resistance to PilT-mediated retrac-
tion of the filaments. Importantly, the adhesion of looser and
“hypertwitching” pilV aggregates is expected to be less efficient
and hence more fragile, which is supported by their low resis-
tance to shear stress as recently observed in adhesion experi-
ments performed in a laminar flow chamber (24). This fragility
could, at least partly, account for the impaired adhesion ob-
served in N. gonorrhoeae (46). Such a scenario could be tested,
since it is expected that adhering aggregates of a pilVT mutant,
which are very compact due to the absence of disruptive forces
generated by pilus retraction, should display restored resis-
tance to shear stress. Nevertheless, it remains to be seen how
this could be reconciled with the faster aggregation seen in
liquid medium.

The last three genes that we have characterized (pilT, pilT2,
and pilU) form the most homogeneous class, since they encode
paralogous proteins belonging to the family of type II/IV se-
cretion system ATPases (31). Because this class includes one of
the most intensively studied genes in Tfp biology, which en-
codes the retraction motor PilT, it was tempting to speculate
that pilU and pilT2 encode proteins modulating Tfp dynamics.
Quantification of the filaments showed that PilT2 is indeed an
antagonist of filament formation/stability, but to a lesser extent
than PilT. The simplest explanation is that PilT2 participates in
pilus retraction synergistically to PilT. Therefore, in the ab-
sence of PilT2, pilus retraction would be slowed down, which is
entirely consistent with the phenotype of the pilT2 mutant.
This scenario remains to be tested, possibly by using optical
tweezers (18) to measure the kinetics and force generated by
Tfp retraction in a pilT2 mutant. On the other hand, how a
modulatory role of PilU in pilus retraction may account for the
faster adhesion of the pilU mutant is unclear. However, due to
the close dependence of adhesion on bacterial aggregation, it
would not be surprising that this faster adhesion results from
altered aggregative properties. Since the pilU mutant does not
aggregate faster than the WT strain, its faster adhesion might
be due to the formation of larger aggregates, which cannot be
readily tested using the currently available assays. Intriguingly,
these results further widen the incredibly vast array of roles
attributed to PilU in different species. Our results are most
similar to those for N. gonorrhoeae, although there is a major
difference since the gonococcal pilU mutant, although hyperad-
herent, is apparently nonaggregative, which is an unusual phe-
notypic combination (30). They are also similar to what has
been described for a pilU mutant of Pseudomonas stutzeri (11),
except for the reduced transformability in latter species. In
contrast, our findings are totally different from those for P.
aeruginosa, in which a pilU mutant is hyperpiliated and does
not twitch (45), and for Dichelobacter nodosus, in which the
mutant does not twitch but is normally piliated (12). While the
reason(s) for such disparate findings is unclear, these observa-
tions strengthen our original assumption that an integrated
view of Tfp biology in any species is achievable only through a
systematic functional analysis of each pil gene in the species.
Interestingly, the finding that even when overexpressed PilT2
or PilU cannot substitute for PilT suggests that these proteins
are unlikely to form separate retraction motors, as has been
recently suggested for Myxococcus xanthus, where several PilT
paralogs exist (8). Rather, if PilT2 or PilU indeed modulates

pilus retraction, this is more likely to occur through interaction
with PilT hexamers (39); this subject awaits further experi-
ments.

In conclusion, together with our previous analysis of genes
required for Tfp biogenesis in N. meningitidis, the findings
reported here show that at least 23 proteins (ComP, PilC1,
PilC2, PilD, PilE, PilF, PilG, PilH, PilI, PilJ, PilK, PilM, PilN,
PilO, PilP, PilQ, PilT, PilT2, PilU, PilV, PilW, PilX, and PilZ)
are directly involved in Tfp biology in this human pathogen.
Interestingly, since the wide range of phenotypic defects asso-
ciated with the seven mutants analyzed in this study are not
obscured by the absence of pili, this will promote further char-
acterization of the corresponding proteins. This is expected to
shed light on the poorly understood molecular mechanisms of
the important functions mediated by Tfp that make these fil-
aments one of the most widespread virulence factors in the
bacterial world.
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